The increased soil loss in an agricultural watershed raises challengers for river water quality and a reliable automated monitoring for suspended sediment concentrations (SSC) is crucial to evaluate sediment budgets variation in systems. The aims of this study were (1) to test if an acoustic doppler current profiler (ADCP) would give similar results to turbidity probe measurements as a high frequency monitoring tool for suspended sediment; and (2) to analyze the relationship between sediment drivers and SSC in a typical agricultural drainage basin. The acoustic and optical backscatter sensors were used to collect SSC data during the ice-free seasons of four consecutive years in the Dunk River (PEI, Canada). The slopes of the relationships between the two SSC indirect measurements were not significantly different than 1. Correlations between SSC and hydro-meteorological variables showed that the high SSC values were more associated with the streamflow and water velocity than precipitation. This study highlighted the great potential of ADCP for the continuous monitoring of suspended sediment in an agricultural watershed. For summer periods the prevalence of clockwise hysteresis (74.1% of measured rainstorm events with SSC > 25 mg L −1 ) appeared related to rainstorm behaviors.
Introduction
River water quality and ecosystem integrity are often threatened by human activities [1, 2] . Rivers within agricultural watersheds can be impacted by erosion that leads to a high level of turbidity and an increase of the sediment-associated pollutant load originating from the drainage basin. This in turn, may result in damage to aquatic flora and fauna [3, 4] . The increased soil loss rate in farm fields raises challenges for implementing soil conservation techniques [5, 6] . Water resource protection strategies need to include in situ measurement protocols for detecting changes in suspended sediment concentration (SSC) in order to evaluate remedial actions.
A cost-effective and reliable automated sampling or monitoring strategy for SSC is essential to develop sediment budgets in systems. Optical backscatter sensors (OBS), and more recently acoustic backscatter sensors, are indirect SSC monitoring techniques suitable for continual monitoring that is essential for a highly temporally variable such as SSC [7] [8] [9] . The technologies of both types of instrument have improved markedly recently and they have been successfully applied to quantifying the suspended sediment transports in many fluvial environments [10] [11] [12] [13] [14] . The more recently introduced ADCPs have the advantage of being able to collect vertical profiling of sediment concentration and water velocity variation as compared to OBS. Furthermore, the conversion of backscatter data to SSC is complicated due to the site-specific variability in sediment physical properties [15, 16] . Co-deployment of optical and acoustic backscatter sensors is one option that allows for partial validation of site-specific calibration [17] [18] [19] [20] .
Investigations over recent decades show an increasing interest in links between the drivers of suspended sediment transport in rivers and the uncertainties related to their spatial and temporal variability [21] [22] [23] . Hydro-climatic factors, in interaction with catchment characteristics, have been identified as the dominant drivers for suspended sediment loading over many time scales [24] [25] [26] . However, sediment budget variation was found to be strongly dependent on local conditions and there is still need of a better understanding of the functional relationships between variables that most affect sediment dynamics. Hence, a systematic assessment of the degree of correlation and hysteresis patterns between hydro-climatic factors and SSC provides valuable insights for development of sediment estimation tools within rivers [27, 28] .
Environmental stakeholders in Prince Edward Island (PEI) recognize the increasing degradation of the water quality in estuaries and coastal waters. Sediments from intense agricultural activities are among the major sources of pollution [16, 29] . The soils in PEI are extremely sensitive to water erosion and the soil losses have been reported as a major long-term environmental and economic challenge for the province [30, 31] . The Dunk River (PEI, Canada) has historically experienced fish kills linked to the use of pesticides that can bind to soil and/or be transported by erosion processes on its highly agricultural watershed during summer rainstorms [32, 33] . Degradation of its water quality through high sediment loads caused by an annual mean soil loss estimated at 10 tonnes ha −1 has been reported for over a decade [1, 34] . Hence, continuously monitoring suspended sediment yield, with adequate techniques to acquire representative data, is necessary to support water resources managers and farm owners in their efforts to address the water quality issues in the Dunk River. Furthermore, a descriptive analysis focusing on the interdependence between suspended sediment fluxes and other hydro-meteorological variables may prove instructive in the development of strategies to protect and preserve its water resources.
The hypothesis of this study was that the use of ADCP would give similar results to turbidity probe measurements as a high frequency monitoring tool for suspended sediment in an agricultural river basin. The hypothesis was examined through continuously monitoring suspended sediment yield using both technologies in the Dunk River. Furthermore, as a second objective, this study sought to elucidate descriptive relationships between suspended sediment fluxes and hydro-meteorological variables. Specifically, the degree of correlation between SSC and the hydro-meteorological variables was quantified using ADCP backscatter data. The SSC temporal variability was also investigated by analyzing the hysteresis loops between streamflow and SSC for rainstorm events for different years.
Materials and Methods

Site Description and Instrument Setup
The Dunk River is situated in the central portion of Prince Edward Island (Canada) and flows into the Bedeque Bay that empties into the Northumberland Strait in the Southern Gulf of St. Lawrence (Figure 1 ). Suspended sediment was measured within the Dunk River at a monitoring station (46 • 20 5" N, 63 • 39 46" W) with an upstream watershed surface area of 140.6 km 2 . The studied watershed area is dominated by agriculture (66.1%) while the forest covers an area of 25.1%. The topographic relief is largely of moderately undulating plains with low slopes [1] . The Dunk watershed soils are geologically derived from sedimentary rocks known as redbeds and formed during the Stephanian-late Early Permian period [35] . The two dominant soil types for the study area are the Charlottetown soil series (mainly well drained) and the Albery soil series (moderately drained) occupying, respectively, 74.4% and 17.7% of the total surface area.
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For optical backscatter sampling, a YSI 6136 turbidity probe from Teledyne RD Instruments (Poway, CA, USA) was installed near the Sentinel V for sampling turbidity data in nephelometric turbidity units (NTU) with a recording frequency of 30 min during the same period. The turbidity measured by the YSI sensor are based on the absorption of infrared radiation emitted by the sensor and backscattered by suspended sediment through the water body [36] . YSI-certified polymer-based standards were used for primary calibration and the unit associated with turbidity readings was NTU. For the proper device maintenance and to avoid bio-fouling effects, a regular daily automatic cleaning was set up and an instrument calibration was completed every year.
Conversion of the Acoustic and Optical Backscatters Data to SSC
The relationship between the turbidity measurements in NTU and SSC in mg L −1 was determined using sediment concentrations of the mixtures of in situ water and local sediment as a function of their correspondent recorded turbidity. Local water and sediments (wet sieved using a 63-µm sieve to retain only the fine particles that are most likely to be suspended in the water column) were mixed at different concentrations in a 40 L container and mixed constantly while the turbidity meter was immersed in the solution. This protocol was repeated many times to cover the largest possible range of SSC values [37] . The sediment concentrations of the grab samples were calculated after filtering, drying, and weighing in the laboratory. Thus, data were fitted with a non-linear function (Equation (1)) using the Levenberg-Marquardt algorithm, using the nlinfit function in Matlab software developed by The Mathworks, Inc. (Natick, MA, USA) [38] :
where SSC and Turbidity are expressed in mg L −1 and in NTU, respectively; a 1 and b 1 are coefficients to be estimated.
Backscatter data recorded by the Sentinel V-ADCP were calibrated against concentration of sediment in collocated grab samples. To cover a wide range of sediment concentrations encountered in river, solutions with different concentrations were pumped gradually upstream of the Sentinel V and were allowed to flow downstream. Grab samples associated with different SSC were collected above the ADCP concomitantly with V-ADCP measurements. For the conversion of the received echo intensity to SSC, the exponential form of the sonar equation [39] was used:
where a 2 and b 2 are parameters representing the characteristics of the instrument obtained by calibration using a linear regression analysis; I db is the relative acoustic backscatter and expressed based on the equation proposed by Deinnes [40] :
where C is a constant combining several parameters specific to each instrument, T is the temperature measured at the transducer ( • C); R is the slant distance (m); r is the distance between the surface of the sentinel V-ADCP emitters and the midpoint of the bin (m); D is the width of the bin (m); L t is the transmit pulse length (m); P w is the acoustic transmit power level (w); α represent the absorption coefficient combining the sound absorption factor due to water α w and the sound absorption by particles α s due to properties of sediment; E is the received signal strength indicator (RSSI) amplitude for each bin recorded by the Sentinel V-ADCP (counts); E r is the RSSI amplitude in the absence of noise (counts) and it is calibrated to be 40 counts for the Sentinel V-ADCP [41] ; K c is a conversion factor for counts to decibels and it calibrated to be 0.40 db count −1 for the Sentinel V-ADCP [41] .
Inter-annual correspondence of SSC estimated by acoustic backscatter versus optical backscatter was quantified using four commonly used index statistics [42] : the Nash-Sutcliffe efficiency (NSE), the Coefficient of determination (R 2 ), the root mean square error (RMSE) and the percent bias (PBIAS). The NSE is a standardized statistic that indicates the relative magnitude of the residual variance compared to the measured data variance [43] . The NSE is calculated with Equation (5) and can range from −∞ to 1. The values of NSE close to 1 indicate a high level of performance for a model. The RMSE indicates the error in the units of the variable of interest. The R 2 describes the degree of collinearity between two variables data while the PBIAS measures the average absolute difference between the two methods [44] . The PBIAS is computed as shown in Equation (6) and a good model is characterized by the low values of PBIAS. The R 2 is similar to NSE and its values ranges between 0 (the model explains no variance) and 1 (perfect linear relationship between model and measurements). The RMSE indicates the error in the units of the variable of interest. It is calculated with Equation (7) and values close to 0 indicate a good agreement between observed values and predicted values:
where X i and X i are, respectively, the observed data and their average, n is the number of observations and Y i refers to the simulated data by a model.
Characterization of Sediment Temporal Variation
The SSCs from acoustic backscatter data were used to characterize the catchment's sediment dynamic in relation to the hydro-climatic factors precipitation, streamflow and water velocity. The daily precipitation data for Elmwood and New Glasgow stations (http://climate.weather.gc.ca) and daily water discharges for Dunk River at Wall Road station (https://wateroffice.ec.gc.ca) operated by Environment and Climate Change Canada were used. Its interannual average discharge is 2.55 m 3 s −1 while the highest and lowest daily averages are respectively equal to 0.212 m 3 s −1 and 84.7 m 3 s −1 . The Climate Normals indicate that the total annual precipitation is on average 1257.9 mm (944.3 mm for rainfall and 313.6 mm for snow). The extreme daily total rainfall was 85.6 mm and the maximum number of days with rainfall ≥10 mm was 29.7 for the New Glasgow station.
The two most commonly used correlation coefficients (Pearson coefficient and Spearman coefficient [45] ) were retained to see how well the variables related. Those correlation measurements between data sets were chosen because linear and non-linear relationships are both possible between hydro-climatic factors and SSC. Pearson's r correlation is used to measure the degree of the relationship between linearly related variables. Spearman's rank correlation is a non-parametric test that is used to assess the strength of the monotonic association between two variables [46] . Hence, the sensitivity analysis was made by calculating those indices of correlation for four subsets data: SSC > 25 mg L −1 , SSC > 15 mg L −1 , SSC > 10 mg L −1 and SSC > 0 mg L −1 . The temporal sediment loading patterns were explored by quantifying of the number of rainfall events displaying clockwise versus anti-clockwise hysteresis loops between SSC and streamflow.
Results
Indirect Suspended Sediment Measurements
For the OBS, the non-linear relationship between the SSC in mg L −1 as a function of the turbidity in NTU (i.e., the calibration curve) is presented in Figure 2 (NSE and R 2 = 0.96 and 0.95, respectively). The slope of the relationship between SSC as determined by ADCP vs. that determined using turbidity was 0.9, 0.87, 0.85, and 0.87 for the four years examined. While this indicates that the ADCP produced slightly lower values, these slopes were not significantly different than 1 (Table 1, Figure  4) . Despite a significant agreement between the two measurement approaches, the acoustic method provided generally lower values than optical method for high sediment concentrations (Figure 4 ). The slope of the relationship between SSC as determined by ADCP vs. that determined using turbidity was 0.9, 0.87, 0.85, and 0.87 for the four years examined. While this indicates that the ADCP produced slightly lower values, these slopes were not significantly different than 1 (Table 1, Figure  4) . Despite a significant agreement between the two measurement approaches, the acoustic method provided generally lower values than optical method for high sediment concentrations (Figure 4 ). The slope of the relationship between SSC as determined by ADCP vs. that determined using turbidity was 0.9, 0.87, 0.85, and 0.87 for the four years examined. While this indicates that the ADCP produced slightly lower values, these slopes were not significantly different than 1 (Table 1, Figure 4) . Despite a significant agreement between the two measurement approaches, the acoustic method provided generally lower values than optical method for high sediment concentrations (Figure 4 ). 
Sediment Temporal Variation
The Spearman's rank correlation coefficient and the Pearson's product moment correlation coefficient were calculated successively for SSC higher than 0 mg L −1 , 10 mg L −1 , 15 mg L −1 , and 25 mg L −1 . Table 2 shows the result of those indices of correlation (only for p < 0.05%) for different threshold of SSC during the four studied years. The negative values in Table 2 mean that the values of the first variable increase when the values of the second variable are decreasing. 
The Spearman's rank correlation coefficient and the Pearson's product moment correlation coefficient were calculated successively for SSC higher than 0 mg L −1 , 10 mg L −1 , 15 mg L −1 , and 25 mg L −1 . Table 2 shows the result of those indices of correlation (only for p < 0.05%) for different threshold of SSC during the four studied years. The negative values in Table 2 mean that the values of the first variable increase when the values of the second variable are decreasing. The indices of correlation were moderately weak for precipitation and streamflow and showed that there were neither high significant linear relationships nor high significant monotonic function with the SSC. For high SSC (>25 mg L −1 ), the indices of correlation were relatively improved for the streamflow and the water velocity. The hysteresis patterns between SSC and water discharge for events with SSC > 25 mg L −1 were analyzed graphically and an example from each year is shown in Figure 5 . Over all monitoring campaign periods we collected a total of 27 events of which 20 events (74.1%) show clockwise hysteresis loops, four events (14.8%) had anti-clockwise hysteresis loops and three events (11.1%) were mixed-shaped loops. This result highlighted that the pattern of SSC-discharge relationship for Dunk River is dominated by clockwise hysteresis loops. The indices of correlation were moderately weak for precipitation and streamflow and showed that there were neither high significant linear relationships nor high significant monotonic function with the SSC. For high SSC (>25 mg L −1 ), the indices of correlation were relatively improved for the streamflow and the water velocity. The hysteresis patterns between SSC and water discharge for events with SSC > 25 mg L −1 were analyzed graphically and an example from each year is shown in Figure 5 . Over all monitoring campaign periods we collected a total of 27 events of which 20 events (74.1%) show clockwise hysteresis loops, four events (14.8%) had anti-clockwise hysteresis loops and three events (11.1%) were mixed-shaped loops. This result highlighted that the pattern of SSCdischarge relationship for Dunk River is dominated by clockwise hysteresis loops. 
Discussion
The SSC calculated from data recorded using a sentinel V-ADCP and an YSI 6136 turbidity probe using established calibration curves did not differ from a slope of 1 for the four studied years. Their relative high slopes and low y-intercepts of the best-fit regression lines indicated a good agreement between the two indirect measurement techniques of SSC [47] . However, the acoustic method provided generally lower values than optical method for high sediment concentrations. The difference may be due to a slight bias in the acoustic calibration for high of suspended sediment concentrations. There may also be variations of the particles size distribution for higher vs lower SSC. Moreover, the trend of SSC underestimation at smaller size distribution conditions by the acoustic method is often reported in the literature [7, 8, 17] . Ultimately, the results of this comparison reveal the potential of the acoustic backscatter technique for a non-intrusive monitoring of SSC within rivers with high sediment loads. Further investigations are needed for accuracy assessment of the outputs of the two measurement approaches by in situ automatic sampling during rainstorms events.
The correlation values for streamflow and water velocity increased with an increasing threshold for SSC. It appears therefore that high SSC are more associated with the river processes. Thus, this highlighted the important role of the water velocity in sediment transport capacity by the river during events. The sediment transport capacity also depends on the hydraulic and morphological characteristics of the river [48, 49] and it may increase with the increasing of the flow rate [50] . By contrast, the impact of the variability of precipitation on SSC appears to be more complex and thorough investigations are needed to better understand sediment process patterns.
Frequent occurrence of clockwise SSC-flow hysteresis patterns was observed. A similar outcome has been reported in many previous studies and the rapid exhaustion of available sediments was pointed out as the principal cause of the clockwise hysteresis patterns [26, 51, 52] . Dunk River, as an important PEI alluvial river, the rapid sediment mobilization from land near riparian zone by intense rainstorms and from the bed river by high flow may potentially result in a clockwise hysteresis loop. There is an increase in turbulence and discharge within a river during rainstorm events. The high turbulence may result in high sediment concentration from resuspension of the bed sediments, followed by a gradually decrease of sediment delivery to the river during prolonged rainstorms [53] [54] [55] . The sediment concentration peaks occur before discharge peaks for clockwise hysteresis loops. The counter-clockwise hysteresis may be the result of late arrival of sediment at the point of measurement and the timing of the rainfall events or spatial location could explain waves of higher SSC arriving after the flow had started to decline [53] [54] [55] . The hysteresis loop pattern may be linked to the characteristics of the source sediment as well as to the frequency and intensity of precipitation [24, 56, 57] .
Conclusions
This study focused on the comparison of continual SSC monitoring by acoustic and optical approaches on the Dunk River and the characterization of sediment dynamic variation. The SSC calculated from data recorded using an ADCP and an OBS using established calibration curves showed good agreement between the two techniques. High SSC was more correlated to streamflow and water velocity than precipitation. The SSC-discharge relationship was dominated by clockwise hysteresis loops and it may be linked to the characteristics of the source sediment as well as to rainstorms behaviors for summer periods. Further investigations will be needed for better understanding of SSC dynamic during all periods of the year. For future work, a close analysis of temporal and spatial rainfall records, from a denser storm event sampling network would be useful to improve dynamic sediment characterization. 
